Secretion of immunoglobulin Al (IgAl) 
acid sequence of this H. influenzae IgAl protease with that of a similar protease from Neisseria gonorrhoeae revealed several domains with a high degree of homology. Analogous to mechanisms known from the N.
gonorrhoeae IgA protease secretion, we propose a scheme of posttranslational modifications of the H. influenzae IgAl protease precursor, leading to a secreted protease with a molecular mass of 108 kilodaltons, which is close to the 100 kilodaltons reported for the mature IgAl protease.
The immunoglobulin Al (IgAl) proteases are extracellular bacterial enzymes that specifically cleave the heavy chain of the human IgAl molecule in the hinge region. Production of IgAl protease seems to be correlated with the ability of the bacteria to infect and invade mucosal membranes. Notably, the three leading etiological agents of bacterial meningitis (Haemophilus influenzae, Neisseria meningitidis, and Streptococcus pneumoniae) secrete IgAl proteases (16, 27, 30) , whereas closely related nonpathogenic species are devoid of similar enzyme activity. IgAl protease production is also a property of certain bacterial species causing vaginal and urinary tract infections, such as Neisseria gonorrhoeae and Ureaplasma urealyticum (16, 27, 30) . IgAl proteases are likely to be important virulence factors, because they allow bacteria to interfere with the protective mechanisms of IgAl, which is the predominant class of immunoglobulin present on mucosal membranes (14) .
Several enzymatically different types of IgAl protease have been reported, each cleaving the human IgAl molecule at a different site in the hinge region ( Fig. 1) (16, 27, 30) . In H. influenzae two such distinct enzymes are known (16, 27) .
In addition to this variation in substrate specificity, at least 15 antigenically different types of the IgAl protease have been identified among H. influenzae isolates based on enzyme-neutralizing antibodies raised in rabbits (17) . These "inhibition types" of the produced protease correlate strongly with the capsular serotype of the strains.
The iga genes encoding IgAl protease produced by N. gonorrhoeae (type 1 [7] and type 2 [12, 19] ), H. influenzae (type 1 of serotype d origin [5, 18] and type 2 [10] ), N. meningitidis (18) , and Streptococcus sanguis (8) have been cloned. Escherichia coli cells transformed with each of these iga genes express IgAl protease activity; the E. coli hosts, which harbor the H. influenzae and N. gonorrhoeae iga genes, have been found to excrete the protease into the medium. At present, the type 2 IgAl protease gene from N.
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gonorrhoeae is the only iga gene for which the nucleotide sequence is known (31) . The deduced primary structure of the protein together with analyses of intermediate IgAl protease precursors revealed that the protease is expressed as a preprotein, which is autoproteolytically processed during the secretion process (31) .
We have previously used fragments of the cloned type 1 IgAl protease gene of H. influenzae serotype d origin as probes in Southern blot experiments to study restriction site polymorphism of the iga gene among different strains of H. influenzae serotype b (32) . Based on these iga gene restriction patterns, the strains could be divided into four groups. We found that 98% of the natural H. influenzae serotype b population could be assigned to iga gene types, I, II, or III. These three groups exclusively contained strains of the same unique IgAl protease inhibition type. For the present study, we chose H. influenzae HK368 as a representative for the most common serotype b iga gene type (32) , and we report here the cloning and sequence analysis of the iga gene from this strain. A comparison of the deduced amino acid sequence of this protease with that of N. gonorrhoeae reveals regions of homology.
MATERIALS AND METHODS
Bacterial strains. The wild-type H. influenzae serotype b strain HK368, isolated from cerebrospinal fluid from a meningitis patient, was the source of whole-cell DNA for molecular cloning. HK368 was grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) supplemented with hemin and NAD (15) . E. coli K802 (39) was used for propagation of lambda phages (25) . The M13mpl9 phage (29) and recombinant derivatives thereof were propagated in E. coli JM109 as described by Norrander et al. (29 I   CHO   ICHO   ICHO   Al   -PRO-CYS-PRO-VAL-PRO-SE R-THR-PR0-PRO-THR-PRO-SER-PRO-SER-THR-PRO-PRO-THR-PRO-SER-PRO-SER-CYS-CYS-220  225   230  235 Cloning of H. influenzae HK368 DNA in phage XL47.1. DNA from H. influenzae isolated as described previously (32) was partially digested with Sau3A and fractionated by agarose gel electrophoresis. Fragments ranging in size from 12 to 20 kilobases (kb) were extracted from the gel by electroelution and cloned by using XL47.1 (24) as the BamHI substitution vector (26) . Phages packaged in vitro as described by Maniatis et al. (25) were plated on E. coli K802, and positive plaques were identified by in situ hybridization. Positive plaques were purified by replating on E. coli K802, and DNA was isolated from 20-ml phage cultures (26) .
Nucleic acid hybridizations and DNA manipulations. As a label in the hybridizations we used [a-32P]dATP, which was incorporated into the DNA probes by nick translation (33) . The in situ probing of phages fixed on nitrocellulose filters was carried out as described by Benton and Davis (1), and Southern blot experiments were performed as described previously (32) . As probes we used fragments of plasmid pVD116, containing the H. influenzae type d iga gene (18) , kindly provided by J. M. Koomey, The Rockefeller University, New York, N.Y. Subclonings into M13mpl9 of restriction fragments isolated by electroelution and DNA purifications and manipulations were carried out as described by Maniatis et al. (25) . Progressive deletions of recombinant M13mpl9 phages for the sequencing procedure were produced by varying the time of exonuclease III digestion of BamHI-SacI-opened replicative-form DNA (40) . For removal of the resulting single-stranded ends, we used S1 nuclease instead of exonuclease VII.
DNA sequencing. The sequences of individual clones were determined by the dideoxynucleotide-chain termination method (3, 35) with the 15-mer universal primer and [a-35S] dATP. For some of the sequences the Sequenase DNA sequencing kit was used according to the manufacturer's recommendations. The program of Larson and Messing (21) was used to assemble the sequence data with an Apple Ile computer.
Sequence alignment. Computer-assisted analysis of amino acid sequence data was performed by using the MULTALI program for alignments (23) .
Assay for IgAl protease activity. IgAl protease activity in phage lysates was detected by mixing 1 volume of the lysate supernatant with 1 volume of a 2-mg/ml solution of human myeloma IgAl. After overnight incubation, cleavage of the substrate IgAl was demonstrated by immunoelectrophoresis as described previously (17) .
Immunization and inhibition assay. The supernatant of an E. coli lysate of a recombinant X phage containing the iga gene was used for immunization of a rabbit. The immunization procedure and protease inhibition assay were as described previously (17 (22) and an average insert of 15 kb in the recombinant A phages. Eleven of these positive clones were purified, and recombinant phage DNA was isolated. The localization of recognition sites for the restriction endonucleases EcoRI and HindlIl in the insert DNA were determined by complete and partial digestions of DNA from the individual 368iga phages as previously described (26) . In addition, DNA from X368iga-8 and A368iga-16 was mapped with respect to the restriction enzymes BamHI, ClaI, and PstI. The restriction maps of the inserts overlap as shown in Fig. 2 . This strongly suggests that the iga gene in H. influenzae HK368 is a single-copy gene.
Localization of the iga gene. The previously described 5'-iga-specific probe together with a 3'-iga-specific 2.8-kb PstI-EcoRI fragment of pVD116 were hybridized to replica Southern blots of EcoRI-, HindIII-, and Sau3A-restricted DNA from each of the 11 X368iga clones analyzed. Thereby, the iga gene was deduced to be localized within a 7.5-kb EcoRI-HindIII fragment and oriented as shown in Fig. 2 .
The restriction enzyme Sau3A sites at the insert-vector junctions were preserved during the cloning. For 7 of the 11 recombinant clones, the sizes and numbers of DNA fragments generated by Sau3A and hybridizing to the two iga probes were identical. The same pattern of bands was observed in Southern blots of Sau3A-digested whole-cell DNA from H. influenzae HK368 hybridized with the same two probes (data not shown). This indicates that no rearrangements of the hybridizing region in these lambda phages had occurred during the cloning procedure. In addition, this result confirms that the same iga-specific sequence had been cloned in these phages.
Liquid lysates from these seven recombinant phage clones were found to possess IgAl protease activity. This confirms the cloning of the iga gene. In the lysates from 3 of the 11 clones, i.e., X368iga-2, X368iga-4, and X368iga-5, we could (Fig. 2) . The sticky ends of the 5.9-kb HindIII-PstI fragment and the 1.6-kb PstI-EcoRI fragment of X368iga-16 ( Fig. 2) were made blunt ended by the Klenow enzyme and subcloned in both orientations into the HincIl site of M13mpl9. Deletion derivatives of these subclones were generated by nuclease ExolIl digestions for various times of SacI-BamHI-opened replicative-form DNA followed by nuclease S1 treatment and self-ligation. The 5,091-nucleotide (nt) sequence of the 7.5-kb EcoRI-Hindlll fragment presented in Fig. 3 TGCRCtTTRCTGTCGCCTRCGCRT TRRCCCCTTRTRCRGRRGCCGCGTTRGTGRGRGRCGRTGTGGRT   250  260  270   280  290  300  310  320  330  340  350 360 TTTGCRGRGRRTRRRGGGRRGtTttTCTGT TGGTGCRRCRRRTGTGCTGGTRRRGGRTRRRRRTRRTRRRGRTTTGGGCRCTGCCTTRCCTRRCGGTRTTCCG   370   380  390  400  410  420  430  440  450  460  470  480 NCRRTGCCRRGGCRCRCCGRGRTGTRtCtTCRGRRGRRRRtRGRtRTTTTCCGTTGRGRRRRRTGRGTRTCCRRCTRRRTTGRRTGGRRRRRCRGTRRCT   610  620  630  640  650  660  670  680  690  700  710 720 TR TRR CRRRRRR TCT TGGCRR GRRT GGRRTR TTT RTR RRTC TCRRTT TRC TRR RGRT GTT CTC RRTRRR GRTR GTG CRGGTT CTT TRRT TGGTTC CRRGRCRGRT TRtRGT tGGTCt TCT   1210  1220  1230  1240   1250  1260  1270  1280  1290  1300 1310 1320 TTRRRTRRTRRTRTCGRTCRRGGTGCRGGCGGRTtRTTCTT TGRRGGCGRTTRTGRRGTTRRRGGTRCT tCTGRTRRTRCTRCTTGGRRRGGRGCRGGTGTCtCTGTTGCCGRRGGRRRR   1450   1460  1470  1480  1490  1500  1500  1520  1530  1540  1550 1560 GTTRTTTTRRRRCRRCRRRCRRRTGGTTCGGGRCRRCRCGCTTTTGCTTCTGTRGGGRtTGtTRRGtGGTCGCTCRRCTCTTGTGCTtRRTGRTGRtRRRCRRGTRGRtCCRRRtTCRRTT   1690   1700  1710  1720  1730  1740  1750  1760  1770  1780 1790 18000 TRCtTTTGGCTTTRGRGGCGGTCGRTTRGRCT TRRRCGGTRRTTCRCTRRCCTT TGRTCRCRTCRGRRRtRTTGRtGRTGGtGCRRGRCtRGTTARRtCRTRRTRTGRCtRRTGCCTCRRRT   1810  1820  1830  1840  1850  1860  1870  1880  1890  1900 1910 1920 TRTTTRRTNTTGGRRRRtTRCRCTTRtTRTGCGtTRRGRRRRGGTGCGRGCRCTCGTTCRGRRTTRCCTRRRRRTRGTGGCGRRRGCRRTGRRRRtTGGCTRtRtRTGGGTRRRRCTTCC   2050  2060  2070  2080  2090  2100  2110  2120  2130  2140  2150 2160 T G  CT TTR TTCR GGTCGCRRTGTT GCRRRCR TTR CGT CRR RTRT CRCRGCTTC TRR TRRRGCRCRRGTT CRTRTCGGCTRTRRRRCRGGCGRTRCCGT TT TGT RCGT TCTGRC TRTRCGGGC   2530  2540  2550  2560  2570  2580  2590  2600   2610   2620  2630 2640 H G H I H   TTRTTCGGCRCRRTTCRRRGCRGRGGRRRTRGCCRRGTRCGTTTRRCCGRRRRTRGCCRTTGGCRTTTRRCRGGRRRTRGTGRTGTTCRTCRRTTRGRTCTRGCRRRTGGGCRTRTTCRT   2770  2780  2790  2800  2810  2820  2830  2840  2850  2860  2870 2880 TTORRRTTCRGCRGRCRRTTCRRRCRRTGTRCRRRRTRTRRCRCGCTGRCTGTGRRTRGCTTRTCRGGTRRCGGTTCTTTCTRTTRTTTRRCTGRTCTTTCCRRTRRRCRRGGCORCRRR   2890   2900  2910  2920  2930  2940  2950  2960  2970  2980 2990 3000 GTTGTTGTRRCTRRRTCCGCCRCRGGTRRCTTTRCRTTRCRRGTGGCRGRTRRRRCRGGCGRGCCRRRTCRTRRTGRRCTCRCRCTTTTTGRTGCTTCRRRRGCTCRRRGRGRTCRTTTG   3010  3020  3030  3040  3050  3060  3070  3080  3090  3100 3110 3120 RRTGTGTCRTTRGTTGGGRRTRCCGTTGRTTTRGGTGCTTGGRRRTRTRRRTTRCGTRRTGTTRRTGGRCGTTRCGRTTTGTRTRRCCCRGRGGTGGRRRRRRGRRRTCRRRCTGTCGRT   3130  3140  3150  3160  3170  3180  3190  3200  3210  3220  3230  3240 T T N T T P H H Q R D U P S U P S HNH E E R R U 0 E R P U P P P A P R T P RRRTGGRTRTGRTTTTGCTTRCRRCGTGGRRRRCCRRCRGCRRTRTRRCGCRGGGCTTRARTTGRRRTRTCRTRRTGTG   4690  4700  4710  4720  4730  4740  4750  4760  4770  4780 4790 4800 (11) . In the Discussion we propose a scheme reading frame as shown in Fig. 3 consists of 4,646 nt, for posttranslational modifications of the preprotein to acincluding the TAA stop codon, encoding a deduced protein count for this discrepancy. Fig. 3 ) eight nucleotides upstream from the putative translation start at the first ATG in the open reading frame (A at nt 262 in Fig. 3) . This sequence has a homology of five identical positions out of six to the complementary sequence of the 3' end of the E. coli 16S rRNA (36) . In addition, it is located in an acceptable position according to the rules for translational initiation suggested by Stormo et al. (37) . The sequences 5'-TAAACT-3' (nt 235 to nt 240) and 5'-TTGTG-3' (nt 211 to nt 215) might constitute the transcription signals at positions -10 and -35, respectively. The proposed position -10 sequence is identical to the E. coli consensus sequence at the four bestconserved positions (13) . Located 19 base pairs upstream from this, the -35 sequence is within the allowed spacing and has a homology of three of five positions identical to the E. coli consensus sequence (13) . The identification of these three putative promoter elements strongly supports our suggestion of translational initiation at nt 262, although this can only be determined with certainty by direct analysis of the transcriptional start and the N terminus of the mature
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The open reading frame is ended by two sequential TAA stop codons at nt 4885 to nt 4890. A sequence similar to a typical rho-independent transcription terminator is found at nt 4919 to nt 4943 and contains a perfect inverted repeat with the potential of forming a hairpin structure, having a loop of 5 nt and a stem of 10 nt including five pairs of CGG (Fig. 3) .
Like the typical E. coli terminators, this structure is followed by a stretch rich in T residues (34) .
Codon usage. (6, 20, 28) .
We found 63% A+T for the 4,626-nt H. influenzae iga gene sequenced, which is close to the published estimate of 62% A+T for the whole genome (15) . According to the observations of Bibb et al. (2) , genes of this genome should have an A+T content of 51, 65, and 69%, respectively, for the first, second, and third position within codons. We found 53, 61, and 75% A+T, respectively, at these positions.
Based on the preference of T over C in the third base of duet codons and the relatively low quartet-to-duet frequency ratios among sextet codons encoding Arg, Leu, and Ser, the iga gene should be weakly expressed according to the rules of Grantham et al. (9) . This agrees well with the relatively low amount of IgAl protease protein produced by H. influenzae.
This bias toward A and T residues of the third position of degenerate codons in the H. influenzae iga gene is in contrast to the markedly unbiased codon usage for the iga gene from N. gonorrhoeae, which has a genomic A+T content of 51% (4). These two genes most likely have a common ancestor, indicating that apparently different constraints in codon usage have worked during the evolution of these two organisms.
Comparison of H. influenzae and N. gonorrhoeae protease sequences. Koomey and Falkow (18) Fig. 4 .
Pohlner et al. (31) found that the precursor of the N. gonorrhoeae IgAl protease contains three functional domains; the amino-terminal signal peptide, the central IgAl protease, and the carboxy-terminal helper domain. The leader peptide is released during translocation of the preprotein into the periplasmic space, whereas the helper domain is assumed to create a pore in the outer membrane for excretion of the protease domain and remains associated with the membrane upon autoproteolytic cleavage.
The primary translation product, deduced from the H. influenzae iga sequence presented in Fig. 4 , has a molecular mass of 169 kDa. The mature type 1 IgAl protease from H. influenzae has been estimated to be about 100 kDa (11). Grundy et al. (10) found that a 2.2-to 3.1-kb region of the 3' end of a type 1 IgAl protease gene from an H. influenzae serotype d strain is necessary for the secretion of the protease but not for its activity. They suggest that this region is cleaved off during maturation of the protease. Based on these observations and the amino acid sequence homologies shown in Fig. 4 , we suggest that the H. influenzae IgAl protease is secreted by a mechanism similar to the one proposed by Polner et al. (31) for the N. gonorrhoeae IgAl protease.
The amino-terminal part of the H. influenzae IgAl protease contains positively charged lysines at amino acid positions 4, 5, and 7, followed by a hydrophobic stretch including the helix-breaking proline at position 21, four residues before an alanine (Fig. 4) . These features are characteristic of signal sequences that are cleaved off and released with alanine as the C-terminal amino acid (38) . The two protease sequences aligned as shown in Fig. 4 are identical around the position of the cleavage site of the N. gonorrhoeae protease leader peptide determined by Pohlner et al. (31) . Therefore, we propose that the 25 amino-terminal amino acids of the H.
influenzae IgAl protease preprotein constitute the signal peptide.
Sequences rich in prolines, much like the type 1 H. influenzae IgAl protease target site in the hinge region of the human IgAl molecule (Fig. 1) , are exclusively found at three positions in the H. influenzae protease sequence (A, B, and D in Fig. 4) . A single sequence with homology to the type 2 H. influenzae IgAl protease target site (Fig. 1) is found in the same region of the protease (C in Fig. 4) . We propose that one or more of these four sequence elements are functionally equivalent to the autoproteolytic sites a, b, and c in the N. gonorrhoeae protease (Fig. 4) .
When an N-terminal signal sequence of 25 amino acids is taken into account, autoproteolytic cleavage at position A, B, C, or D would result in excreted proteases of deduced molecular masses of 107.8, 108.1, 109.9, or 110.3 kDa, respectively. Each of these values is in acceptable agreement with the estimated molecular mass of 100 kDa.
Strikingly, a stretch of 32 amino acids (amino acids 16 to 47) is identical in the two proteases except for a single conservative substitution. This shows that the N-terminal part of the mature IgAl protease has been evolutionarily conserved, suggesting that it is essential to the translocation, enzymatic function, or specificity of the protease molecule.
Another notably well-conserved sequence is found at amino acids 785 to 797. It contains the two conserved cysteines that Pohlner et al. (31) proposed to be part of the active site in the N. gonorrhoeae protease. A third cysteine is found in the helper domain of the H. influenzae protease preprotein at amino acid position 1250.
In striking contrast to the rest of the H. influenzae IgAl protease, the region from amino acids 980 to 1240 has no significant sequence homology to the N. gonorrhoeae protease (Fig. 4) . This stretch is proposed to constitute the N-terminal part of the helper domain. It is very hydrophilic in both proteins, suggesting that it has a common function in the secretion of the two proteases. No deletions or insertions had to be introduced in this divergent area of the two protease sequences to obtain the flanking homologies (Fig.  4) . This observation suggests that this region functions as a spacer to properly orient flanking domains.
The cloning and sequencing of the IgAl protease gene from H. influenzae serotype b provide a means of producing this protein in large quantities for further structural and functional analyses.
